Metallic flow field plates, also called bipolar plates, are an important component of fuel cell stacks, electrolyzers, hydrogen purification and compression stacks. The manufacturing of these plates by means of stamping or hydroforming is highly suitable for mass production. In this work, a toolbox is created that is suitable for a screening process of different flow field design variants. For this purpose, the geometry and computational mesh are generated in an automated manner. Basic building blocks are combined using the open source software SALOME, and these allow for the construction of a large variant of serpentine-like flow field structures. These geometric variants are evaluated through computational fluid dynamics (CFD) simulations with the open source software OpenFOAM. The overall procedure allows for the screening of more than 100 variants within one week using a standard desktop computer. The performance of the flow fields is evaluated on the basis of two parameters: the overall pressure difference across the plate and the relative difference of the hydrogen concentration at the outlet of the channels. The results of such a screening first provide information about optimum channel geometry and the best choice of the general flow field layout. Such results are important at the beginning of the design process, as the channel geometry has an influence on the selection of the metal for deep drawing or hydroforming processes.
Introduction
The supply chain for a hydrogen-based economy requires several compression steps. Electrolyzers usually only operate at up to 50 bar, compared to 200 bar for conventional storage tanks and 350-700 bar in hydrogen fuel cell cars [1, 2] . The task of energy-efficient hydrogen purification and compression is the goal of the MEMPHYS project [3, 4] . The main goal of the project is to provide a silent and efficient means of extracting pure hydrogen from industrial waste gas streams. Hydrogen is purified and compressed for storage or distribution up to a pressure of 200 bar by means of a simple one-step process. Possible sources of hydrogen are industrial waste gas streams and biogas production [5, 6] or the recycling of hydrogen waste gas from the semiconductor industry [7] . The operating principle is a combination of a fuel cell anode and an electrolyzer cathode [8] [9] [10] [11] . To meet a competitive cost target, the stack is assembled from stamped metallic flow field plates, as recently discussed with respect to fuel cell applications [12] [13] [14] [15] . These plates are manufactured by hydroforming, which is highly suitable for cost-effective mass production. The goal of this work is to present a computational toolbox that is suitable to aid in the design of flow field plates. The advantages and challenges of metallic plates with respect to the application and production process have been summarized by several research groups [16] [17] [18] [19] . This work focuses on the key question of the channel geometry. During the stamping process, the metallic plates experience local thinning and stretching. To a certain extent, the material fails and fissures occur [13] . The formability depends on the material and the thickness of the plate [20] [21] [22] [23] [24] , with the resulting channel shape being characterized by a shape factor that may be incorporated into a flow network model, as reported by Xu et al. [25] . It is also possible to combine the geometric shape of the channel cross section with an analytical performance model, as shown by Peng et al. [13] . The evaluation of the overall performance depends on specific model parameters that must be obtained from well-characterized experiments. This is especially true for optimization tasks for fuel cell plates, e.g., as reported by Imbrioscia and Fasoli [26] , Hu et al. [27] and Iranzo et al. [28] .
The present work focuses on a more general approach. The performance of the flow field plate is evaluated on the basis of the overall flow distribution. This approach is useful at an early stage in the flow plate design and can be used despite the lack of detailed experimental parameters, but it will yield, in turn, a coarse characterization. The model in this work incorporates the equivalent hydraulic diameter of the real channel and can be adapted to any material and plate thickness. The exact flow field of the stack manufacturer must remain undisclosed. Therefore, the overall process is demonstrated for a flow field with a typical serpentine arrangement, where geometric parameters such as channel width, the number of parallel channels and the number of U-turns are flexible. The model automatically creates the geometry and computational mesh for a single plate. Based on the manufacturing process, there is an upper limit in material elongation that leads to a maximum height for the channels. The goal of the simulation is to determine the minimum height for the channels based on the combination of a sevenfold parallel serpentine flow field with 100 cm 2 active area in combination with a specific porous transport layer. Based on the simulation results, suitable materials and plate thicknesses can be selected for the target application. The performance is evaluated by computation fluid dynamics (CFD) simulations using the open source toolbox, OpenFOAM [29, 30] .
Materials and Methods

The Principle of Electrochemical Hydrogen Purification and Compression
An electrochemical hydrogen purification and compression cell (EHC cell) extracts hydrogen from a gas mixture. The principle is a combination of a fuel cell anode and an electrolyzer cathode. Figure 1 shows a sketch of the overall process. The cell consists of a pair of flow field plates, porous transport layers and electrode layers on the anode and cathode sides. The two electrode layers are separated by a proton-conducting membrane. At the anode electrode, hydrogen is split into two protons and two electrons. The electrons are conducted through the outer electrical circuit to the cathode electrode. The protons are then transported through the polymer membrane to the cathode, where they are reconverted to form hydrogen. The gauge pressure of the cathode side determines the outlet pressure of the device. Thus, an EHC cell performs hydrogen separation and compression in a single electrochemical step [10, 11] .
Carbon-supported platinum with very low platinum loading can be used as a catalyst on both the anode and cathode sides. The sketch in Figure 1 shows a simplified version of the overall process. The same principle is used in PEM fuel cells as a standard method to measure the amount of hydrogen cross-over through polymer membranes [31] . Since only hydrogen is converted, the effects of hydrogen separation [32, 33] and hydrogen recirculation at the anode side of a PEM fuel cell system [34] were recognized soon. The application to hydrogen compression may have occurred somewhat earlier [35] [36] [37] . The protonic conductivity within polymer membranes typically requires the presence of liquid water within the membrane. Additionally, each proton usually carries 1-3 water molecules as part of its hydration shell [38] [39] [40] [41] . This effect is referred to as electroosmotic drag. The concentration difference of the water leads to back diffusion towards the anode side. Furthermore, the pressure gradient between the anode and cathode sides affects the water transport across the membrane, leading to complex water management in the cell. The EHC cell reacts delicately to changes in humidification because, in contrast to fuel cells, no water is produced internally. The concentration and pressure difference between the anode and cathode sides also leads to a back diffusion of hydrogen to the anode side. The extent of this effect depends on the chosen membrane type and thickness.
For the feed gas composition, essentially the same restrictions apply as for fuel cells. Gases that contaminate or poison the platinum catalyst, such as carbon monoxide or hydrogen sulfide, must be removed before the feed gas stream enters the cell. Alternatively, different catalyst-membrane-systems can be chosen (e.g., the PBI-phosphoric-acid system, which is more robust against carbon monoxide contamination [42, 43] ). The purified hydrogen from the cathode side will contain a certain level of humidity and may need to be dried for storage.
Computational Model for the Anode Flow Field Plate
A computational model that includes the full complexity of electro-chemistry and water management would be highly demanding. Such models require a large set of model parameters that must be derived from suitable experiments. The present work focuses on a general characterization of the system on an engineering scale with predictive capabilities. Therefore, the water management is excluded from the model and it is assumed that the cell remains sufficiently humidified without any liquid droplets blocking the gas transport. The major effect for the present computational model is to characterize the extraction of hydrogen from the feed gas stream, in that hydrogen diffusion from the anode gas channels through the porous transport layer to the catalyst layer is modeled, as summarized in Figure 2 .
The computational domain represents an electrochemical half-cell. The outlet at the interface to the electrode (termed "outlet of pure H 2 " in Figure 2 ) is defined by the current density. For fuel cells, it is known that there exists a significant gradient in the local current density because of the decreasing oxygen concentration from the inlet to the outlet. The following discussion evaluates the gradient, which is to be expected from the hydrogen concentration on the feed gas side. The cell voltage of an EHC cell is given in Equation (1) [9] . The main contributions for the cell voltage arise from the gas concentrations and pressure (E Nernst ) and ohmic resistance, R ohm . The electrode overpotential η can be assumed to be negligible within this context for hydrogen electrodes [9] , i.e., the assumption of η = 0 is used. The Nernst equation is defined by the partial pressure p of hydrogen on the anode and cathode sides, as shown in Equation (2) [9] .
The local current density can be obtained by assuming that the electrodes are at the same potential throughout the cell, i.e., they are regarded as iso-potential planes, which is a common approach as the electronic conductivity is high. The expected current at the inlet and outlet of the cell can be calculated from the expected local partial pressure of hydrogen in accordance with Equation (3).
The reference scenario of the MEMPHYS project [3, 4] is a hydrogen partial pressure at the inlet of p an /p 0 = 0.5 and at the outlet of p an /p 0 = 0.025, which corresponds to a recovery of 95% H 2 . Table 1 summarizes the operating parameters of the reference scenario. The value of the ohmic resistance in Table 1 was obtained from single cell experiments, whereas the specific data were not disclosed by the company. The data of similiar test cells by the same company have published recently and are now available as reference [6, 44] . Table 1 . Reference operating scenario from the MEMPHYS project [3, 4] .
Parameter
Value Comment Depending on the targeted applications, an EHC cell can be used for three different tasks: (a) hydrogen separation without compression, i.e., ∆p = 0 bar between anode and cathode side; (b) compression of pure hydrogen; and (c) hydrogen separation and compression. Furthermore, the cell can be operated in either high energy efficiency mode (at 0.2 V and 0.35 A cm −2 for ∆p = 0 bar/0.2 V and 0.22 A cm −2 for ∆p = 200 bar) or in high yield mode (at 0.6 V and 1.15 A cm −2 for ∆p = 0 bar/0.6 V and 1.02 A cm −2 for ∆p = 200 bar). These numbers refer to a hydrogen recovery of 95% H 2 from an inlet gas stream containing 50% hydrogen. Figure 3 shows the current density between the inlet and outlet of the cell as calculated by Equation (3). The local current is interpolated between the values that result for the inlet and outlet gas concentrations. The local variation of current density is small in all cases. Therefore, the assumption for a constant current density as the outlet boundary for the numerical simulation is justified. It should be noted that difference in the moisture content of the membrane by the electroosmotic drag influences the ohmic resistance of the cell. For the present simulations, it is assumed that the membrane is kept well hydrated. A dry membrane would exhibit a higher ohmic resistance. This would lead to lower current densities at the respective voltages described for the two scenarios, which in turn leads to lower flow rates. Overall, this fault condition is not critical for the performance of the flow field plates. 
Simplified Mixture Model
The computational model should be able to extract hydrogen from a gas mixture. The sketch in Figure 2 indicates that the following effects must be described: gas flow through the flow field, mass transport of hydrogen through the electrode-membrane interface and the diffusion of hydrogen within the gas channels and porous transport layer. For the CFD simulations, the open source software OpenFOAM [29, 30] was used. In principle, several solvers are available that incorporate inter-species diffusion in porous media. For the design screening task of this work, a simple solution was needed, which would add as few parameters as possible to the overall computational system. Therefore, the solver porousSimpleFoam was used and a simplified mixture model added. Specific details can be found in the tutorial An implicit model for gas mixtures in the Supplementary Materials. The model assumes a mixture of two species with identical physical properties, as shown in Table 2 . This assumption is a major simplification, but for the present problem of hydrogen diffusion it proved to be a useful approximation that gives a good qualitative description of the related phenomena. A more specific model would require knowledge of the real composition of the feed gas mixture, which was not available at the early stage of the project. For the permeability of the porous transport layer, typical values for fuel cell gas diffusion layers were used, as shown in Table 3 . The overall results of the CFD simulation are: the total pressure loss of the flow field, the distribution of the hydrogen mole fraction and the overall flow distribution based on the gas velocity. Table 3 . Properties of the porous transport layer [47, 48] .
Parameter Value
in-plane permeability (x) 10 −12 m 2 in-plane permeability (y) 10 −12 m 2 through-plane permeability (z) 10 −13 m 2 overall thickness 3 · 10 −4 m 2.4. Equivalent Channel Geometry Figure 4a shows a sketch of the pristine metal sheet. The length a is the part that will become the channel. The resulting channel shape after the manufacturing step is shown in Figure 4b . The trapezoidal shape is a simplification of the model. In reality, rounded corners are observed. The amount of elongation can be calculated as the ratio r 1 between the length of the red and blue line from Figure 4 (see Equation (4)).
The maximum value of r 1 depends on the material. Another important feature is the steepness of the flanks, which can be expressed as the ratio of a and c (see Equation (5)).
The cross-sectional area A c and the hydraulic diameter d h are given by Equations (6) and (7) .
The height of the channel depends on the ratio of r 2 , as well as on the total elongation r 1 , as described by Equation (4). After some geometrical considerations, Equation (8) is obtained, which gives the maximum height of the channel for a given material elongation.
A typical value for the maximum elongation of most materials seems to be ≤ 40% (r 1 ≤ 1.4). The ratio of outer and inner width was fixed at r 2 = 5/8. With this information, the maximum channel height can be calculated as a function of the channel width. Two main criteria should be fulfilled for good performance of the flow field. Firstly, the flow field plate should be able to withstand a differential pressure of 200 bar. Therefore, the channel width should be as small as possible. Secondly, gas transport should not be hindered. Therefore, the channels should have a certain minimum cross-sectional area. Table 4 presents the combinations that have been considered. The height resulting from Equation (8) is the maximum value h max . Therefore, the final value of h was chosen to be a little smaller in order to be on the safe side, because the material elongation should remain below 40%. For the simulations, a rectangular channel shape was chosen, as shown in Figure 4c . The model channels have an equivalent hydraulic diameter. This simplification allows the model geometry to also be used for different ratios r 2 (see Equation (5)). It can be derived from information in Table 4 that the value of d h changes very little for channels with d h ≤ 0.36 mm (a ≤ 1.00 mm). To observe a significant influence of the channel geometry on the overall fluid flow distribution, the two values of a = 1.40 mm and a = 1.80 mm were chosen. These serve as the basis for the CFD simulation. The resulting channel height is h 0 = 0.40 mm and h 0 = 0.50 mm, respectively. From the cell assembly process, it is known that the channels may undergo some deformation because of the applied compression forces [49] . Additionally, there may be an intrusion of the porous transport layer into the channels [49] [50] [51] . The overall effect is a decrease in the effective cross section. This effect is estimated by considering a variation of the channel geometry, namely a reduction in the overall height by 0.20 mm. The simulations therefore also include the reduced channel heights of h 1 = 0.20 mm and h 1 = 0.30 mm.
Automated Mesh Generation
The overall flow field should have an active area of 100 cm 2 . At the beginning of the design phase of the MEMPHYS project, the overall channel pattern was not fixed, because the overall layout should also consider restrictions that result from other factors, e.g., locations for the manifolds as given by the overall stack design, the size of the manifolds as a result of the pressure losses for each cell, producibility arising from the hydroforming process and restrictions due to the sealing concept. As a compromise, it was determined that the overall pattern should be parallel serpentine. Furthermore, a typical "Z" and "U" configuration should be tested in the simulations in order to provide results that can be understood in a more general context.
A common approach to generate a computational mesh for CFD simulations is to start from a geometric model (which will already include some simplifications). This geometry can be generated manually with the aid of a suitable software package. For a screening task, where a large number of geometric variations are processed, the geometric model should be generated automatically. The required shape of a serpentine flow field may be generated from the four basic shapes shown in Figure 5 . For geometry and mesh generation, the software SALOME [52] was used. SALOME provides a programming interface using the PYTHON programming language. The four basic shapes in Figure 5 contain the geometric and mesh information. The overall flow field is realized in an object-oriented way, where the basic shapes are placed automatically and the corresponding mesh resolution is defined. In fact, the basic shapes represent small independent mesh objects, which are combined in the final step. The resulting computational mesh can be exported to a variety of formats. In this work, the export to the UNV format was chosen, which can be imported into OpenFOAM. Figure 6 shows an example flow field with two parallel parallel channels and four U-turns. The resulting flow field shows a "Z" type configuration.
The resulting flow plate should have roughly a square shape. This must also include the manifolds. Therefore, the channel flow field is designed to leave some space for manifolds (by rough estimation) in order to reach an overall square configuration. The number of parallel channels is seven-an estimation based on the dimensions of an existing test cell, the channel cross-section, the expected flow rates and the resulting size of the manifolds. The design variations are summarized in Table 5 . It should be noted that the channel width in Table 5 was computed on the basis of the cross-sectional areas. Therefore, the resulting hydraulic diameters of the rectangular channels are larger than the value of d h for the trapezoidal channels. The difference is less than 0.03 mm, and therefore they were considered to be identical in this work. A reference simulation with adjusted channel widths produced exactly the same results. The geometric variants of the flow field are shown in Figure 7 . As mentioned above, a rectangular shape for the overall flow field is assumed. The different channel widths of the seven parallel channels lead to different overall lengths. Therefore, the width was adjusted to yield the correct geometric cell area. The name of the resulting geometry is derived from the overall flow configuration and the number of U-turns. H0 denominates the original height (h 0 in Table 5 ) and H1 the reduced channel height.
Overall, 96 simulations excluding mesh dependence and other numerical tests were performed. This number arises from the following considerations.
•
Two general designs ("Z" and "U") with seven parallel channels and a cell area of 100 cm 2 • Two different channel widths • Two different channel heights (intrusion of porous media) • Two different gas compositions • Two different current densities for hydrogen extraction • Three different levels of hydrogen extraction (80%, 95% and 99% for robustness tests)
The computational effort is about one hour for each simulation on a standard PC with Intel Core i7 processor. Therefore, it is possible to obtain the presented results of this paper within one week on a single desktop computer. Z4H0 / Z4H1 (wide channels) U5H0 / U5H1 (wide channels) Z6H0 / Z6H1 (narrow channels) U7H0 / U7H1 (narrow channels) Figure 7 . Flow field variants from Table 5 : "Z" type and "U" type flow configuration with two different channel widths. Different channel heights H0 and H1 are not shown.
Results and Discussion
The Serpentine Effect
Serpentine flow fields commonly show a very even flow distribution over an area. This is achieved by leading the flow partly through the channels and partly through the porous transport layer. Figure 8 demonstrates a typical fluid velocity distribution. The main flow follows the long channels. At each bend, the flow is partly deflected to follow the new channel direction. At these locations, there is also the option to follow the old direction by passing through the porous transport layer under the land area of the flow field. The driving force for this effect is the pressure difference between different sections of the long channels. The amount of this cross over flow depends on the permeability of the porous layer [53] and the pressure difference of the channel segments between two bends [25, [54] [55] [56] [57] [58] .
The permeability of the porous transport layer is a material parameter. It can be varied in terms of different fabrics such as woven, non-woven and paper type that are available commercially. The effect of the channel dimensions can be understood by looking at two limiting conditions. For very large channels, the pressure difference is low and the resulting cross-flow under the land area, as depicted in Figure 8 , is very small. This leads to under supply of these areas and in PEFC-like applications where liquid water accumulates under the land and flooding effects are observed. In the case of very small channels, there is a large pressure difference in the channel sections between two bends. Therefore, the flow is mainly forced through the porous transport layer. This will lead to maldistribution because the flow is no longer distributed by the channels. Additionally, the overall pressure difference for the respective cells increases dramatically. To assess the simulation results for different flow fields, the following two criteria are used. Firstly, the overall pressure difference of the flow field plate should be small. Secondly, the flow distribution should be as even as possible. This second criterion is not straightforward to calculate, because the cells will show a strong gradient in the hydrogen concentration from the inlet to the outlet. The fact that there are seven channels can be used as an advantage, because an even gas distribution over the active cell area also leads to an even hydrogen concentration at the outlet of the channels. It can be seen in Figure 9 that the cross-over flow of the last bend leads to an increase in the hydrogen concentration at the innermost channel because of the short cut effect. The same is true for the outermost channel, which benefits from the second last bend. The flow through the middle channels collects the fluid with the longest passage and therefore contains a gas mixture that is mostly depleted of hydrogen. Thus, the difference in the hydrogen concentration at the seven outlet channels can be used as an indication of the overall quality of the flow distribution. The uniformity parameter f y is calculated from the difference of the maximum and minimum hydrogen mole fraction at the outlet of the channels. It is scaled against the theoretical value Y theo in order to enable a comparison for different hydrogen inlet concentration and recovery rates (Equation (9)). The value of Y theo is calculated from the overall inlet and outlet concentrations based on the amount of H 2 that is extracted. An ideal distribution would yield the value of f y = 0. The value of f y = 1 gives the information, that the differences in mole fractions are equal to the absolute amount of the species in the outlet gas stream. For all values f y > 1, the local differences at the outlet of the plates are huge. It should be noted that the parameter f y is scaled against Y theo in Equation (9) . Therefore, care must be taken in the interpretation of the theoretical value as it approaches zero. Figure 9 . Distribution of the mole fraction of hydrogen at the outlet of case Z6H1 at 50% H 2 in the inlet gas stream and an average current density of 0.32 A cm −2 . The porous transport layer is shown on top of the channels, i.e., the interface for H 2 extraction is facing upwards.
Sensitivity Analysis
Mesh Dependence
The results of numerical simulations depend on the resolution of the computational mesh. Two example cases were considered in order to determine a reasonable choice between high resolution and the required computational resources. The first case is the gas mixture "50/80", which contains 50% H 2 of which 80% is extracted. This scenario is close to the real application. The limit of 80% for the extraction level also avoids numerical instabilities that could be caused by local starvation effects. The second case uses the gas mixture "20/99", which contains 20% H 2 , 99% of which is extracted. This case incorporates a higher overall flow rate caused by the lower hydrogen content at the inlet. Furthermore, the level of 99% H 2 extraction is a good test of the stability because local hydrogen depletion must be expected. The test geometry for these cases is "U7H0' ' (see Table 5 ). Table 6 lists the different mesh resolutions. Any further increase in resolution led to instability of the solver. The reason for this seems to be the demanding boundary condition of the constant current density. The same effect was observed by adding a fine mesh to the channel walls. This also leads to very small computational cells at the outlet of the constant current density and to similar instabilities of the solver. The resulting pressure difference of the plate is shown in Figure 10 . The results for both mixtures of 50/80 and 20/99 depend moderately on the mesh resolution. The selected resolutions in Table 6 are fairly coarse for obtaining the correct velocity profiles in the channels. On the other hand, however, the overall flow is determined by the combination of the channels with the porous transport layer. In particular, the interface between the channel and porous layer is modeled with a strong simplification, i.e., the surface roughness is not considered and possible deformations of the plate or porous layer are neglected. It is concluded that the lowest mesh resolution of 6 × 4 is suitable for the design screening task, as it shows the best relationship of computation time and accuracy. A higher mesh resolution does not significantly increase the quality with respect to the original simulation task.
The computed results for ∆p may contain an error of 50% compared to the absolute values of the experiment. This agrees well with the overall uncertainty coming from the other model assumptions, such as the constant current density and idealized channel geometry. It is acceptable, as the simulation results are compared among each other. From the results in Figure 10 it can be concluded that the coarse mesh resolution will systematically underestimate the values of ∆p. For the extreme conditions of mixture 20/99, the error from the mesh dependence is also roughly 50%. It can be concluded that the results with the lowest mesh resolution will also be meaningful under severe conditions. Figure 10 . Pressure difference of the plate U7H0 as a function of the mesh resolution (mix50/80 = 50% H 2 from which 80% is extracted and mix20/99 = 20% H 2 from which 99% is extracted).
Variation of Permeability
The permeability of the porous transport layer as given in Table 3 was taken from references of "typical" materials. Nevertheless, there exists a broad range of values owing to the fact that different materials-such as woven, non-woven and paper type-can be used and each of these is available with different treatments to tune hydrophobicity [59, 60] . Additionally, the porous transport layer may undergo local deformations and structural changes caused by the compression forces during the cell's assembly and operation. Therefore, the initial values for the permeability were varied to assess the validity of the simulation results. The variations are summarized in Table 7 . The original values (see Table 3 ) are named "pp". Starting from these, the values were decreased by half and by one order of magnitude. The same procedure was also used to increase the values. The variations in Table 7 start with the lowest value of "p1" and end with the highest value "p4". 1.0 · 10 −13 1.0 · 10 −14 p2 0.5 · 10 −12 0.5 · 10 −12 pp 1.0 · 10 −12 1.0 · 10 −13 p3 2.0 · 10 −13 2.0 · 10 −13 p4
1.0 · 10 −11 1.0 · 10 −12 Figure 11 shows the resulting values of ∆p for the example flow fields U7H0 and U7H1. Here, the scenario of the gas mixture "20/99" is used, where the inlet gas stream contains 20% H 2 from which 99% is extracted. This fairly harsh scenario is selected to obtain a strong deviation if the overall flow pattern changes. It can be seen that, for the channel height of 0.4 mm (U7H0), the overall pressure difference of the plate is independent of the permeability of the porous layer within the given range. For the flow field U7H1 with a channel height of only 0.2 mm, there is an almost linear dependence to be observed. This is understandable, as the thickness of the porous transport layer is larger than the channel height. The high values of ∆p indicate that the in-plane flow distribution (parallel to the active cell area) takes place to a greater extent through the porous media. In this case, the functionality of the channels for distributing the flow starts to fail. Overall, it can be said that the absolute value of the permeability of the porous layer has very little influence on the resulting flow configuration, as long as the flow field works properly. A closer inspection of Figure 11 reveals that there is a jump in ∆p between "p3" and "p4" for both U7H0 and U7H1. At this point, the in-plane permeability of the porous layer exceeds the value of 10 −13 m 2 . There seems to be a transition, where suddenly it becomes easier for the fluid to flow under the land area. This effect was formerly described by Pharoah [53] who obtained the same threshold value for the in-plane permeability. It can be concluded that the permeability of the porous transport layer has very little influence unless the absolute value exceeds a critical limit. In the experiment this is unlikely to happen, as the permeability will decrease due to the compression effects and possibly flooding. Figure 11 . Pressure difference between the inlet and outlet for U7H0 and U7H1 with increasing permeability from left to right. The inlet gas stream contains 20% H 2 from which 99% is extracted.
Selected Simulation Results
The simulation results are presented for a gas mixture that contains 50% H 2 at the feed gas inlet as defined by the goals of the MEMPHYS project ( Table 1 ). The key question is to derive a minimum channel height for the flow field plates. For this purpose, eight different plates (see Table 5 and Figure 7) were used for the simulation of hydrogen extraction in a high energy efficiency mode, i.e., at an average current density of 0.32 A cm −2 . These conditions lead to an overall laminar flow regime with typical Reynolds numbers of Re = 10 to Re = 20 calculated at the channel inlet. Figure 12 shows the resulting uniformity parameter f y for the hydrogen mole fraction at the outlet of the plate as defined by Equation (9) . The hydrogen extraction level is increased from 80% to 99%. Especially in the case of 99% hydrogen extraction, the serpentine effect (as discussed in Section 3.1) leads to a strong non-uniformity in the outlet concentrations. In that case, the outermost channels receive more gas because of the cross-over effect under the land area. The innermost channels are depleted of hydrogen and the strong concentration gradient leads to in-plane diffusion of hydrogen in order to fulfill the boundary condition of the constant current density. Under these severe conditions, the Z-type flow field with the larger channels shows the best performance (Z4H0). In the case of moderate hydrogen extraction levels of 80% and 95%, all design variants show an even flow distribution, i.e., small values for f y in Figure 12 . In general, the Z-type flow fields lead to slightly more homogeneous distributions under the given flow conditions. The effect of a smaller channel height seems to have only a minor influence on the homogeneity under moderate operating conditions. Figure 12 . Uniformity parameter f y for the hydrogen mole fraction at the outlet of the seven channels from the plate (see Equation (9)).
The corresponding pressure differences are shown in Figure 13 . In the case of the original channel heights, all four design variants yield comparable values of ∆p. For plates with smaller channels (Z6H1 and U7H1) and decreased channel heights, the values of ∆p increases dramatically. It can be concluded that, in the case of small deformations due to compression effects, these plates will fail. At this point, it should be noted that the amount of height reduction was chosen arbitrarily to be 0.2 mm. This value derives from practical considerations from former fuel cell experiments. At the same time, the tolerances coming from the plate manufacturing process or the cell assembly may also fall in this range. Overall, the reduction by 0.2 mm in channel height is a worst case estimation. As mentioned above, it should also be possible to operate the EHC cell in high yield mode at an average current density of 1.0 A cm −2 . In this case, the flowrate increases by a factor of three and, ideally, the plates should also work under these conditions. Figures 14 and 15 show the results for an inlet gas composition of 50% H 2 whereof 95% is extracted. The uniformity of the flow distribution seems not to be affected by the increased flow rate, as shown in Figure 14 . The results above already showed an increased pressure difference for the combination of small channels with reduced height. The same effect can be observed in Figure 15 , where the values of the design Z6H1 and U7H1 increase dramatically. Figure 14 . Uniformity parameter f y for the hydrogen mole fraction at the outlet of the seven channels. The inlet gas mixture contains 50% H 2 from which 95% is extracted. Figure 15 . Pressure difference between the inlet and outlet of the plate for a gas mixture of 50% H 2 from which 95% is extracted.
Conclusions
The design of a flow field plate goes through several stages. In the case of metallic bipolar plates, the material and its thickness must be chosen, which in turn affect the feasibility of channel cross sections. The present work combines automated mesh generation with an equivalent channel cross section model in order to explore the best choice for a given application. The example target application is a metallic flow field plate for a hydrogen compression and purification device. The major question to be answered is: What is the minimum channel height for serpentine-like flow fields? A sevenfold parallel serpentine configuration was used to evaluate the influence of the overall flow distribution and pressure difference of the plates. The cross-over flow under the land area is a major effect for serpentine flow fields. In this specific application, the height of the channels approach the height of the porous transport layer. There is a critical limit for the channel height in combination with the permeability of the porous transport layer. Above the limit, the in-plane flow distribution mainly occurs through the channels and the flow field exhibits a small pressure difference. Below this limit, the flow significantly enters the porous transport layer. Under these circumstances, the pressure difference of the plate increases dramatically and the quality of the overall flow distribution decreases. For the given application, the minimum channel height is 0.3 mm. The flow field plate and porous transport layer commonly undergo a certain deformation during assembly and cell operation. Additionally, the influence of the production tolerances of the plates should be considered. To take these effects into account, an additional safety margin is derived and the channel height of 0.5 mm is proposed for robust operation. 
